A molecule isolated from the peritoneal fluids of women undergoing laparoscopy for in-vitro fertilization techniques has been chemically characterized and identified as 1-palmitic-3-phosphorylcholine (lysophosphatidylcholine, LPC). This lipid is able, at physiological concentrations, to completely inhibit sperm motility in vitro in a dose-dependent way. Synthetic LPC induced rapid and complete arrest of sperm motility when added to sperm suspensions at physiological concentrations without any damage to cell membranes. Taken together, these results suggest that LPC may represent a previously unrecognized in-vivo modulator of human sperm motility.
Introduction
concentration-independent way (Uhler et al., 1992) . Moreover, free fatty acids, such as arachidonic acid and docosahexaenoic To meet the space-temporal requirement for oocyte fertilizaacid, have a concentration-dependent inhibitory effect on the tion, sperm velocity is probably modulated and controlled by motility of human spermatozoa (Hong et al., 1986) . substances present in the various biological fluids which
In a previous work we reported that a particular PF can spermatozoa encounter during their journey towards the oocyte.
influence different semen samples in a positive or in a negative As a consequence, a series of mechanisms, that influence manner and that spermatozoa from a given patient were sperm motility via activation/inhibition, have been postulated. affected in a different and characteristic way when exposed to Among the fluids present in the peritoneal cavity and in the native PFs obtained from different women (Soldati et al., genital tract, two of them, i.e. peritoneal and follicular fluids, 1989) . More recently, we were able to partially purify a have been extensively studied with regard to sperm motility lipid component that rapidly immobilizes spermatozoa without and their interaction with the male gametes. disrupting the internal sperm plasma membrane (Soldati Follicular fluid (FF), released at ovulation, was shown to et al., 1993) . be implicated in sperm capacitation (Ravnik et al., 1990) , to
The aim of this research was to further characterize the PF induce acrosome reaction (Suarez et al., 1986) , to enhance component responsible for the observed negative effect on sperm motility (Falcone et al., 1991; Fetterolf et al., 1994) sperm motility. Our results uncover a physiological substance, and lastly it has been postulated that factors present in FF may lysophosphatidylcholine (LPC) , that may represent an in-vivo attract spermatozoa to the site of fertilization (Villanueva-Diaz modulator of human sperm motility. et Ralt et al., 1991) . Most of the studies performed with FF indicate that this fluid creates a favourable environment
Materials and methods
for fertilization.
On the other hand, much less is known about the effect of
Peritoneal fluid collection
peritoneal fluid (PF) or its components on the fertilization Human peritoneal fluids were obtained from the Pouch of Douglas capacity of spermatozoa. Although the majority of PFs appear from women undergoing laparoscopy during the pre-ovulatory phase to enhance or maintain sperm motility, there are some fluids for infertility work-up or tubal sterilization. The fluids were aspirated into plastic sterile tubes (Falcon, Oxnard, CA, USA) and immediately which inhibit it (Oak et al., 1985; Soldati et al., 1989; a significant way the ability of spermatozoa to reach the oocyte (for a review see Revelli et al., 1994) . In particular,
Semen specimens
progesterone, a lipophilic substance present in PFs of stimulated
Fresh semen samples were used in all sperm interaction tests. Sperm donors submitted their ejaculates after 3-5 days of abstinence. The women, has been shown to increase sperm motility in a ejaculates were collected by masturbation into sterile, plastic-capped, were stained as described above. The scraped silica was extracted three times with 3-5 ml of methanol and centrifuged for 10 min at glass containers and allowed to liquefy for at least 30 min at room temperature. 2800 g at room temperature. The solvent resulting from the three extractions was collected in an Eppendorf tube and evaporated under Sperm suspensions were quantified in a Makler chamber (ϫ200; Sefi-Medical Instruments, Haifa, Israel) using a Strömberg-Mika Cell a stream of nitrogen at room temperature. Motion Analysis (SM-CMA; Mika Medical GmbH, Rosemheim, Germany) operating system, according to the parameters reported by
Reverse phase high-pressure liquid chromatography Togni et al. (1995) .
Reverse phase high-pressure liquid chromatography (RP-HPLC) was Only sperm samples having the following characteristics were performed using equipment from Waters (automatic injector model considered: Ͼ40ϫ10 6 spermatozoa/ml and Ͼ40% progressive motility 712, two model 510 pumps, model 680 gradient programmer, model at 30 min. These parameters were assessed according to World Health 490E UV absorption detector; Ventura, CA, USA). The column was Organization (WHO, 1992) guidelines. Motile spermatozoa were 250ϫ4 mm filled with Nucleosil 300 Å 5 µm C 8 packing (Machery harvested in the specified culture medium using the swim-up techNagel, Oensingen, Switzerland) operated at 0.6 ml/min. Solvent A nique. Briefly, 0.5 ml of semen were deposited at the bottom of a was made by adding 1 g trifluoroacetic acid (HPLC grade; Pierce, tube containing Earle's medium (Gibco, Grand Island, NY, USA) or Rockford, IL, USA) to 1 l of water (HPLC grade, Milli Q system; Biggers-Whitten-Whittingham-HEPES (BWW) medium suppleMillipore) and degassing by vacuum filtration. Solvent B was made mented with 0.1% bovine serum albumin (Sigma, St. Louis, MO, by adding 1 g trifluoroacetic acid to 100 ml of water and subsequently USA) and incubated for 1 h at 37°C and 5% CO 2 . The supernatant diluting with acetonitrile (gradient grade) to a final volume of 1 litre containing motile-rich spermatozoa was collected and the sperm and degassing by vacuum filtration. The column was equilibrated concentration was adjusted to 30-50ϫ10 6 spermatozoa/ml.
with 100% solvent A prior to sample injection. These conditions were maintained for 5 min whereupon a linear gradient (2% B/min) Sperm interaction test was initiated to 100% B. After 5 min at 100% B, the column was The lipid obtained by extraction of PFs or from standard kits brought back linearly over 5 min to 100% A and equilibrated for (Phospholipid Kit; Serdary Research Labs, Basel, Switzerland) was 15 min prior to the next injection. evaporated at room temperature in an Eppendorf tube under a
The eluent was monitored at 214 nm and components were collected stream of nitrogen. Motile-rich sperm suspension (62 µl) prepared as manually at the detector outlet, dried in a vacuum centrifuge without described above, was added to the tubes containing the lipid fractions heating, resuspended in 20-100 µl water/acetonitrile/acetic acid or standards and incubated at 37°C and 5% CO 2 .
solution (49.5:49.5:1, v:v:v) and analysed by mass spectrometry. At the designated times, 4 µl of sperm-lipid (or standard) suspension was placed on a Makler chamber and the motility parameters were Electrospray ionization mass spectrometry (ESI-MS) quantified by SM-CMA. Three objective assessments of the proportion Mass spectrometric analyses were carried out on a Trio 2000 of motile spermatozoa were performed at 0, 30 and 60 min. The pH instrument fitted with a 3000 amu RF generator (VG Biotech, of the various suspensions was checked with a microelectrode (MIManchester, UK). Electrospray ionization was used and the machine 410; Microelectrodes Inc, Londonderry, NH, USA) just before each was operated in positive ion mode under control of the Lab-Base motility assessment. data system. Samples (10 µl) were injected at 2 µl/min and the machine was set to scan the chosen range (usually m/z 100-1000) Lipid extraction every 10 s. External calibration of the mass scale was achieved using Two different methods were used for lipid extraction. The first was a solution of horse heart myoglobin (Sigma). performed as reported by , while the second is a modified version of the procedure described by Bligh and Dyer (1959) .
45 Ca 2ϩ uptake assay Briefly, PFs (0.8 ml) were supplemented with solid NaCl to reach a final concentration of 1 M. This solution was extracted with 3 ml Calcium uptake was assayed by a modification of the procedure of chloroform/methanol (1:2, v:v), to which 1 ml chloroform and described by Adeoya-Osiguwa and Fraser (1993) . In all media used, 1 ml water were added successively during extraction. After each the concentration of Ca 2ϩ was 1.8 mM and, when added, the solvent addition, samples were mixed by vortexing for 3, 1 and contribution of 45 Ca 2ϩ was at maximum 35 µM. 1 min respectively. Finally, they were centrifuged for 10 min at Motile spermatozoa, obtained by the swim-up procedure, in Earle's 500 g at room temperature in a Sorvall swing-out centrifuge. The solution with 0.3% human serum albumin (HSA) as described above, lower organic phase was aspirated by means of a peristaltic pump were adjusted to a final concentration of 20ϫ10 6 /ml. One µCi (Pharmacia, Uppsala, Sweden), dried under nitrogen at room temper-[ 45 Ca]Cl 2 /ml (specific activity: 2 mCi/ml; DuPont, Mechelen, ature and resuspended in 0.8 ml methanol.
Belgium) was added to the sperm suspension and equilibrated for 30 min at 37°C. After this pre-incubation time, an aliquot of Thin-layer chromatography spermatozoa was transferred to another test tube containing an amount of LPC able to give a final concentration of 50 µmol/l. At t ϭ 0, 15, Thin-layer chromatography (TLC) was performed in vertical chambers 30, 45 and 60 min, duplicate aliquots of 50 µl were transferred to a (Merck AG, Darmstadt, Germany) using an eluent phase composed 96 multiwell Nunclon plate (Nunc, Roskilde, Denmark), immediately of chloroform/methanol/H 2 O (8:6:1, v:v:v) . The silica plates (Kieselaspirated by means of a Nunc cell harvester on Nunc glass filter gel F 254 20ϫ20 cm, with concentrating zone; Merck) were pre-run paper disks and washed with 10 volumes of a Tyrode solution. The in the eluent phase and heated at 100°C for 30 min before applying filters were air-dried for 1 h at 37°C and transferred to counting vials. the samples and starting the separation. Samples were run for 1.5 h Finally, 5 ml of Quicksafe A scintillation liquid (Zinsser analytic, at room temperature after which the plates were dried and stained Frankfurt, Germany) were dispensed into the vials and the 45 Ca 2ϩ 1 min with Coomassie Brilliant Blue R250 (0.03% in 20% methanol content determined with a β-counter (Tri-carb 1900 TR; Canberra solution; see Nakamura and Handa, 1984) .
Packard, Zurich, Switzerland). Parallel to the calcium uptake assay, In the experiment aimed at the collection of TLC-purified substances, two parallel lanes at the right and left sides of the TLC-plate the motility of spermatozoa was also measured with the SM-CMA sperm system at the designated times using a duplicate (but not radioactive) sample.
Incubation of spermatozoa with synthetic LPC, PFs and human serum albumin (HSA)
An equivalent concentration of either 0, 10, 50, 100, 200, 300 or 1000 µM LPC (Sigma) was transferred and evaporated into different test tubes. Either PFs or Earle's balanced solution (50 µl) containing 0.1, 0.3, 1 or 3% HSA (Serva, Heidelberg, Germany) were added to the tubes. At t ϭ 0, 12.5 µl of the mixing sperm suspension (30ϫ10 6 /ml final concentration) was dispensed in each tube. The motility was assessed after mixing carefully. Measurements were repeated after 1 and 2 h of incubation; during this time all the tubes were placed in a 5% CO 2 incubator at 37°C.
Effect of phosphatidylserine on immobilization
Since protein-kinase C (PKC) is probably involved in sperm motility and phosphatidylserine (PS) has been reported to act as a cofactor of Figure 1 . (A) Thin-layer chromatography (TLC) migrating pattern PKC (Oishi et al., 1988) , we finally performed a series of experiments of peritoneal fluid (PF) extracted with different methods; (B) to evaluate the involvement of PKC in LPC-mediated immobilization.
comparison with standard lipids; and (C) re-chromatography of the To this end, the spermatozoa were prepared as described above for the scraped bands of B. Lane A1 ϭ PF extracted with the method of 'sperm interaction test'. Various concentrations of PS (Serdary, Basel, Soldati et al. (1993) ; lane A2 ϭ PF extracted with the modified method of Bligh and Dyer (1959) ; lane A3 ϭ PF extracted with the Switzerland) and a constant amount of LPC, able to induce complete method of and re-extracted with the modified sperm immobilization, were resuspended in 62 µl BWW medium so as Bligh and Dyer (1959) method. Lane B1 ϭ Bligh and Dyer (1959) to give a constant final LPC concentration of 150 µmol/l and increasing extraction of a native PF; lanes B2, B3 and B4 represent three concentration of PS (100, 200, 400 µg/ml). The motility parameters standard lipids: phosphatidylcholine, sphingomyelin and were analysed at t ϭ 0, 30, 60 and 90 min of incubation as described lysophosphatidylcholine respectively. Following migration (lane above.
A2) three bands corresponding to the three standard lipids illustrated in panel B, were scraped off and allowed to migrate again on a TLC plate (lanes C1, C2 and C3 corresponding
Results

respectively to lysophosphatidylcholine [LPC], SM and PC ϭ phosphatidylcholine [PC]). Note that in C3 a band
The lipid extraction of a human peritoneal fluid by the comparable to LPC is also shown (arrows).
procedure which was described in a preceding study ) is shown in Figure 1A (lane 1). This pattern was found to be more complex than originally thought when PF was present in the chromatogram ( Figure 1C ; see arrow in lane 3). The presence of LPC is due to the degradation of PC during extracted by the modified Blight and Dyer (1959) procedure described in Materials and methods; it gave the pattern shown the scraping and resuspension procedure. From these results, we postulated that LPC was the agent in lanes 2 and 3 ( Figure 1A ), i.e. it was found to be composed of three different complex bands. After comparison with responsible for sperm immobilization. We thus used the band co-migrating with standard LPC (i.e. band 1, Figure 1C ) for standard lipids, these bands were tentatively identified as phosphatidylcholine (PC), sphingomyelin (SM) and lysophosfurther structural characterization. Figure 3A ,B shows the results obtained by RP-HPLC of standard LPC (16:0) and of phatidylcholine (LPC; see Figure 1B , lanes 2, 3 [double-band] and 4 respectively). Figure 1C (lanes 1-3) shows the patterns the PF endogenous molecule contained in band 1 of Figure  1C respectively. TLC of the fractions obtained by RP-HPLC which were obtained when the three bands from the original PFs of Figure 1A (lanes 2,3) were scraped and re-chromatographed separation demonstrated that LPC was present only in peaks 12, 13 and 14 ( Figure 3C ). Mass spectrometric analysis of using the same solvent system. This improved separation prompted us to test the effect of standard LPC and of peaks 12, 13 and 14 is shown in Figure  4A -D, respectively. The major peak of Figure 4A had a mass of standard LPC, SM and PC on sperm motility (Figure 2A ). We found that LPC was able to immobilize the gametes at a 496.9 corresponding to 1-palmitic-3-phosphorylcholine (16:0). As shown in Figure 4C ,D, the same peak was found also for concentration of 50 µM after 60 min, whereas after the same time neither SM (100 µg/ml) nor PC (450 µM) were able to fractions 13 and 14 from Figure 3B ; peak 12, having a mass of 520.9, was instead identified as 1-linoleic-3-phosphorylcholine do this at physiological concentrations. However, when the same experiment was performed with the material contained (18:2; Figure 4B ). Since we have observed that in PF LPC may be bound to in the three bands separated by TLC from PF (see Figure 1A) , we found that both putative LPC and PC were able to albumin , we studied the effect of increasing the concentration of LPC in physiological media immobilize spermatozoa as a function of time ( Figure 2B ; bands 1 and 3 respectively). An explanation for this unexpected containing 0.3% albumin or in PF on sperm motility. The results are shown in Figure 5 : after 1 h at 37°C, PF was found finding was obtained when we scraped and re-chromatographed the putative PC band from PF: we observed that a small but to preserve sperm motility even at LPC concentrations as high as 1 mM, whereas the motility in albumin-containing medium consistent amount of material migrating as LPC was always was able to induce sperm hyperactivation at t ϭ 0 (data not shown).
To further elucidate the immobilizing effect of LPC, the possible involvement of Ca 2ϩ was also investigated. Figure 7 shows a progressive incorporation of this cation as function of time both in control and spermatozoa treated with 50 µM LPC. This finding strongly indicated that LPC-induced immob- Finally, since PKC was shown to be influenced both by LPC and phosphatidylserine (PS; 18:23), sperm motility was dropped to 5-0% in the presence of 100-200 µM LPC.
also assessed under conditions in which increasing amounts Furthermore, incubation of spermatozoa with increasing of PS (100, 200 and 400 µg/ml) were added to a fixed amounts of both LPC and albumin confirmed that albumin (150 µM) concentration of LPC in the incubation medium. inhibited the activity of LPC in a dose-dependent way. Figure  Figure 8 shows that motility was preserved by PS in a dose-6 shows that an albumin concentration of 3% in a physiological dependent way. medium is able to preserve sperm motility against the effect of 10 µM LPC over 1 h of incubation. In fact, sperm motility Discussion in the presence of 3% albumin did not differ from control motility (60%). In contrast, the sample containing 0.1% Before reaching the oocyte for fertilization, spermatozoa interact with substances produced by the various compartments of albumin after the same incubation time, had only~10% motile spermatozoa. It is interesting to note here that 10 µM of LPC the female genital tract. In particular, tubal, follicular and motility was originally reported by Hong et al. (1986) . These authors postulated the involvement of a Ca 2ϩ -dependent PLA 2 peritoneal fluids influence the environment in which spermatowhich induced sperm immobilization via the release of LPC zoa swim towards their target.
or free fatty acids. The involvement of calcium in sperm We previously reported that both human follicular and motility was also observed by Breitbart et al. (1985) , who peritoneal fluids are able to modulate sperm motility. Overall, found a direct relationship between Ca-uptake and loss of human FFs seemed to activate, and human PFs to inhibit, motility. In contrast, Magnus et al. (1990) were unable to sperm motility when compared with controls in physiological demonstrate a relationship between the concentrations of medium (Revelli et al., 1992) , but the characterization of the exogenous or endogenous Ca 2ϩ and sperm motility parameters. molecules which may act as motility modulators is still limited.
Our results concerning the uptake of 45 Ca 2ϩ by spermatozoa Recently, three different studies demonstrated that nitric oxide seem to confirm this view (Figure 7 ). Since damage to sperm (Rosselli et al., 1995) , diamine oxidase (Le Calve et al., 1995) membranes was never observed during LPC-induced sperm and a seminal plasma factor (Robert and Gagnon, 1995) are immobilization, we can exclude the possibility that Ca uptake able to negatively influence sperm motility.
is related to this phenomenon. However, our experiments We reported herein that a discrete lipid component isolated suggest that the activity of LPC is calcium-independent, as from PFs, i.e. LPC, can completely immobilize spermatozoa demonstrated by the comparison with the control (Figure 7 ). in a dose-and time-dependent way. The importance of these LPC has been described as being present in PFs at fairly results may relate to the possible involvement of LPC in the high concentrations of~60 µM (Vignon et al., 1989 (Vignon et al., , 1991 . physiopathology of the female genital tract. Therefore the However, endogenous intracellular LPC is difficult to measure quantification of LPC in peritoneal fluids may be of clinical and it is possible that higher concentrations of LPC may be and scientific interest, since a high concentration of this achieved following appropriate stimuli and delivery from lipid may underly the cellular events coupled to cases of carrier proteins. This may explain why physiological concentra-'unexplained infertility'.
tions of LPC are apparently unable to significantly influence LPC is a phospholipid resulting from the hydrolysis of sperm motility. As shown here, exogenous albumin can protect phosphatidylcholine by phospholipase A2 (PLA 2 ), an enzyme sperm motility from LPC in a dose-dependent way, probably also involved in the regulation of inflammatory processes that by adsorbing free LPC (see Figure 6 ). Interestingly, when can be activated by pathogenic agents. LPC is primarily spermatozoa were isolated in vitro in a physiological medium transported bound to albumin (Switzer and Eder, 1965) and containing 0.3% albumin (10 times lower than the physiological has been reported to be exchanged between sperm and oocyte concentration) and 50 µM of LPC was added to the suspension, cell membranes (Davis et al., 1979) . sperm immobilization was observed. This may be due to the The involvement of phospholipids in sperm motility was presence of a higher concentration of 'free' LPC able to postulated earlier by Lardy and Phillips (1941) . These authors interact and immobilize the male gametes. Since this effect observed that bull spermatozoa were still motile in the absence can be overcome by increasing the albumin concentration, we of glucose and proposed that the gametes were presumably suggest that inflammatory stimuli in vivo may release significable to use phospholipids as their energy source. Later, free ant amounts of LPC following activation of PLA 2 (for a review on analogous mechanisms, see Pruzanski and Vadas, 1991) . fatty acids, especially if unsaturated, were found to agglutinate
